The injection of supercritical CO 2 into the deep underground increases the pore pressure in the geologic formation, first locally around the injection point, later spreads radially throughout the formation. The range of pressure increase depends on the injection rate, injectivity and reservoir volume. The increase of pressure in the reservoir may cause several problems, including fracturing of sealing layer, fault reactivation and changes in other hydrogeological conditions.In order to reduce the pressure buildup in the reservoir during CO 2 injection, two methods were studied in this paper by numerical simulations using the TOUGH2 code. One describes production of formation water as proposed by Buscheck et al. in 2014 (dual-mode well), and the second method describes production of formation water via a second well during CO 2 injection. We employed a simple reservoir model based on available data of the CCS demonstration project at the Tomakomai area in Hokkaido, Japan. The efficiency and influence of two reservoir volumes, and a hypothetical placed production well, on pressure build-up in the storage formation were tested. Two models with different volumes, and an injection rate of 1 Mt/yr were applied and three cases were simulated for each model. The first case only considered injection of CO 2 for 100 years without production. The second case examined the dual-mode well, in which formation water was produced for 5 years prior to the start of CO 2 injection for 100 years. The last (third) case assumed utilization of an observation well for producing water in parallel with CO 2 injection. Judging from the results, the following conclusion can be drawn: 1) The dual-mode well with short duration of water production (5 years) was not so effective to maintain the reservoir pressure in the large reservoir volume considered here. The method would be better suited for smaller reservoir, otherwise a very long-term production would be necessary. 2) Water production in parallel with injection was very effective in order to maintain the reservoir pressure and to avoid harmful effects on the overlying seal layers and other hydrogeological conditions. The methods can be applied to make CCS technology much more sufficient through increasing the
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Introduction
Recently, worldwide, the public have brought about a global renunciation of nuclear energy. Countries like Germany, France, Belgium or Italia already shut down or plan to shut down all their nuclear power stations [1] . Also, Japan shut down all the country's nuclear reactors for nearly two years since the Fukushima Daiichi nuclear disaster. However, nuclear phase-out means an increasing use of coal-fired power plants, because renewable energy technology is still insufficient to meet the energy demand. As a result, the carbon dioxide (CO 2 ) emissions increased excessively since 2011, what is critical to the ongoing climate change mitigation efforts worldwide [2] . Therefore, the importance of research on Carbon dioxide Capture and Storage (CCS) as one tool for CO 2 emission reduction and for a clean technology using fossil fuels in sustainable energy future is undeniable.
In order to ensure a cost efficient, safe and capable for a long time CO 2 injection in the deep saline aquifer, numerical simulation is one effective tool to predict effects on the hydrogeological system due to CCS. It can also be helpful to investigate operation methods at a specific site.
Due to injection of CO 2 in a deep saline formation, CO 2 displaces primarily the available pore space that initially filled with formation water. Due to this effect, the pressure in the formation will also increase. If the pressure increases over an allowable level, the risk of saline water leakage into upper fresh water aquifers or also the leakage of CO 2 in case of the seal layer loses its seal integrity.
In order to mitigate the pressure build-up during CO 2 injection, two methods were considered in this study. The first method is the dual-mode well, which was introduced by Buscheck et al. in 2014 [3] . The dual-mode well will be used for formation water production before injecting CO 2 into the formation. This will reduce the formation pressure, thus, the CO 2 injection can be conducted longer and more CO 2 can be stored before reaching the critical pore pressure. Furthermore, the dual-mode well requires no additional well installation and therefore is economically reasonable.
The second method requires a second well for production of formation water. Here, production of formation water will be conducted in parallel to CO 2 injection. It is assumed that continuous formation water production prevents pressure build-up due to CO 2 injection.
In this study the effectivity of the two methods, formation water production prior to (dual-mode well) and in parallel with CO 2 injection, we investigated for mitigating pressure build-up during CO 2 sequestration. The evaluation was done as a case study for the CCS pilot test site in Tomakomai located in Hokkaido, Japan, using the numerical simulator TOUGH2.
Numerical Simuelation
Numerical simulations were conducted using TOUGH2, a code for non-isothermal, multi-dimensional coupled fluid and heat flow of multiphase, multicomponent fluid mixtures in porous and fractured media, developed at the Lawrence Berkeley National Laboratory (LBNL) [4] .
In Japan, a large-scale CCS demonstration project was established in 2008 for the Tomakomai area in Hokkaido prefecture ( Fig. 1) [5] . The geological model, used in this study, was developed referring to the published data on the Tomakomai demonstration site in Hokkaido. As it is shown in Fig. 2 , the upper saline aquifer located in the Moebetsu formation at an approximately average depth of 1000 km below the surface was considered as a reservoir for CO 2 storage. It should be noted that for this study, we used a preliminary reservoir model that has been developed based on geological data acquired before the final drilling of the injection well in 2015. Furthermore, in order to investigate potential large-scale CO 2 injection, thus, the permeabilities of the sandstone and also the mudstone layer were hypothesized to be one order higher than those reported ( Table 1 ). The geology is assumed to be homogeneous sandstone with a horizontal permeability of 200 mD and a porosity of 0.28. The maximum allowable formation pressure (90 % of the formation fracture pressure) was set to 13.4 MPa, whereas the recent investigation at the newly drilled injection well suggested 12.6 MPa. The reservoir was considered to be closed, thus, all boundaries were set to no flow. The relative permeability and capillary pressure curves are shown in Fig. 4 . Table 1 summarizes all characteristic parameters of the saline aquifer and parameters used for the model development. 
Simulation cases
Three cases are presented in order to discuss the effectivity of pressure reduction during CO 2 injection into the Moebetsu formation of the Tomakomai demonstration site in Hokkaido,Japan. Numerical simulations in this paper were conducted considering industrial-scale CO 2 sequestration. Hence, an injection rate of 1 Mt/yr was adopted for every case. Table 2 gives an overview of all three cases conducted in this study.
The first case represents the base case, which means that only CO 2 was injected for 100 years into the Moebetsu formation. This should be the case when no pre-injection formation water production or production due to a separate well is considered. In the second case formation water was produced for 5 years before injecting CO 2 subsequently for 100 years. In this case the originally installed injection well was used for pre-injection formation water production, thus assumed to be a dual-mode well. The third case, the observation well OB-1 was hypothetically converted to a production well. Thus, two wells were operating at the same time; CO 2 injection at the injection well and formation water production via the observation well OB-1. For producing formation water, a rate of 1Mt, the same as for injection, was chosen.
Furthermore, two different areas of the Moebetsu formation were considered, one assumes that the whole layer is available for CO 2 storage, and the second size assumes a more limited reservoir volume with only 20 % of the original model area (Fig. 5) . 
Simulation results

Base case
The base case represents only injection of CO 2 for 100 years. As it can be seen in Fig. 6 , the pressure rises almost linear with time and the maximum allowable pressure of 13.4 MPa was reached after 22.7 years for the original model size case. Thus, without pressure reduction, it will not be possible to maintain a continuous injection rate over a long time. When the model size was reduced to 20 % the maximum allowable pressure was reached after 5.5 years (Fig. 6b) . 
Dual-mode well
In the dual-mode case, formation water was produced for 5 years before injecting CO 2 . Due to the pressure reduction in the reservoir during formation water production the pore pressure could be reduced about 0.2 MPa for the original model size and 1.3 MPa for the 20 % model size. The pressure build-up for both model sizes are shown in Fig. 7. In Fig. 7 , the production of formation water is represented from time t=-5 years until t=0 years.The maximum allowable pressure was reached after 25 years and after 9.5 years for the original model size and the 20 % model size respectively.
As it can be seen in Fig. 7 , the effectivity of pressure reduction increases with decreasing reservoir volume. However, even for the small model size, injection rate can only kept constant for 4 years longer than in the base case. Hence, with the dual-mode well, only a small pressure reduction effectivity could be achieved. It is assumed that the volume of formation water produced prior CO 2 injection was very small compared to the whole reservoir volume even when the model size was reduced to 20 %. 
Separate production well
The second method evaluated for pressure mitigation in the reservoir requires at least one separated well, which will be used for continuous formation water production during CO 2 injection. Using this method it was possible to keep the injection rate constant without reaching the maximum allowable pore pressure for the reservoir. Fig. 8 shows the pressure build-up for the injection well (black line) and for the production well (observation well OB-1) (blue line).
However, as already suggested, formation water production in parallel with CO 2 injection can bring up a problem. If CO 2 reaches the production well, there is a risk of CO 2 leakage through the production well. Fig. 9 shows the gas saturation over time for the production well. For this case, the CO 2 arrives at the production well after 35 years and 28 years for the original model size and the 20 % model size respectively. Nevertheless, compared to the dual-mode case, the CO 2 injection can be continued almost 10 years longer, in other words, 10 Mt more CO 2 can be injected with this method. 
Discussion
The above simulation results have shown that production of formation water via a separate well is more effective for a model as considered in this study. As for the dual-mode well, we have seen, that with decreasing reservoir volume, the effectivity increases.
Beacause the dual-mode well was not so effective in this study, we made efforts in order to validate our simulation results. Here, we consider a simple theory regarding the storativity of groundwater [6] . As for an aquifer with an area A, the volume of water released for a head change Δh can be described as follows
where S is storativity [1/P], Δh is change in pressure head and A is area of the reservoir. The storativity for a confined aquifer is
where b is aquifer thickness [L], γ is specific weight of the water [M/V], β is aquifer compressibility [1/P], n is porosity [-] and α is water compressibility [1/P]. When considering this theory of storativity of a confined aquifer and the volume of water released from a closed water body it is possible to briefly predict the effectivity for the dual-mode well. Fig. 10 shows the calculated curves for the two model sizes used in this study. The green and the red lines represent the calculated results based on the model parameters and the round circles shows the results from the numerical simulations. As it can be seen the simulation results almost fit with the calculation results. The small differences occur due variances in compressibility because these values depend on temperature and pressure head.
Hence, the efficiency of the dual-mode well can be simply predicted by calculating the possible pressure reduction (ΔP) depending on the formation volume and the released volume of water (V prod ) due to production as a predictive factor, using the following equation.
For a homogeneous aquifer as used in this study, the dual-mode operation method will be more effectively reduce the pressure for the smaller reservoir volume. When considering more realistic inhomogeneous aquifer properties, it is assumed that the dual-mode method would result in much better performance. 
Conclusion
A case study was conducted to evaluate the effectivity of two methods to mitigate the pressure build-up during CO 2 sequestration at the Tomakomai test site, Japan. The dual-mode well method where the injection well operates a production well during the pre-injection stage and subsequently, after the pressure in the formation was reduced, operates as an injection well. The second method requires a second well for formation water production during CO 2 injection. As for the Tomakomai site, we considered the already installed observation well OB-1 as production well. The results have shown that the formation water production during the CO 2 injection is more effective than the dualmode well since the reservoir volume is not small enough to reduce pressure in a limited duration of water production (5 years) by the dual-mode well in this study. It has also been shown that the results for the dual-mode well are quite reasonable compared with calculated results based on the theory of the storativity of an aquifer. However, it has to be take into account that our results are regarded as a specific example for a simple homogeneous representative model of the Tomakomai test site. For more detailed study it will be necessary to apply more specific data regarding the storage formation especially on its heterogeneity.
Considering formation water production during CO 2 injection, the well placement plays an important role. One of the biggest risks operating this method is the leakage of CO 2 due to the production well. In order to avoid this the injection well and the production well placement has to be optimized. Furthermore, for both methods an intended use for the produced formation water has to be come up with, especially for Japan.
